We determined the activities of soluble and particulate guanylate cyclase [GTP pyrophosphatelyase (cyclizing); EC 4.6.1.21 in regenerating rat liver, fetal and neonatal rat liver, and hepatoma. In these tissues we found increased particulate and decreased soluble enzyme activities compared to normal adult rat liver. The particulate activity increased 12 hr after partial hepatectomy, reached maximal activity at 48 hr, and then declined. The soluble enzyme activity decreased within 8 hr and continued to decline. The activity of homogenates did not change. Guanylate cyclase activity was increased in plasma membrane and microsome fractions from regenerating liver. The increase in particulate activity was prevented with cycloheximide. Decreased soluble and increased particulate enzyme activities were found in fetal liver. After birth the soluble activity increased and the particulate activity decreased. Seven to 14 days after birth the activities of soluble and particulate fractions were similar to those of adult rat liver. In hepatoma 3924A, the activity of particulate guanylate cyclase was 9-fold greater and that of the soluble enzyme was 50% that of normal liver. These studies suggest that guanylate cyclase activity and its subcellular distribution may be related to liver growth through some unknown mechanism.
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Our laboratory (1-3) and Chrisman et al. (4) have recently reported that soluble and particulate guanylate cyplases [GTP pyrophosphate-lyase (cyclizing); EC 4.6.1.2], which catalyze the formation of cyclic 3': 5'-GMP from GTP, have different properties and different molecular sizes from various rat tissues. In homogenates of normal adult rat liver about 80% of guanylate cyclase is soluble and 20% is particulate (1) (2) (3) 5) . We found most of the particulate enzyme in liver to be associated with both purified plasma membranes and microsomes (5) . In this report we describe an altered distribution of enzyme in regenerating rat liver after partial hepatectomy.
The distribution of activity between soluble and particulate fractions of liver homogenates also changed during fetal and neonatal development of rats. These studies suggested that guanylate cyclase activity and its subcellular distribution may be related to tissue growth and development. Thus, hepatoma 3924A was also examined; most of the homogenate activity was associated with particulate fractions. This report describes an alteration of guanylate cyclase activity and its subcellular distribution in vivo. These studies are of interest in view of recent reports of increased levels of cyclic GMIP in proliferating cells (7) (8) (9) (10) . Some of the present results have been reported in abstract form (11 (12) with minor modification as described previously (5) . Some homogenates and fractions were treated with 1% Triton X-100 for 60 min at 40 And chromatographed on Bio-Gel P-300 columns (1) .
Guanylate cyclase activity was determined as reported previously (1, 5 Days after partial hepatectomy 1 N NaOH, and analyzed for tritium by scintillation counting. Other reagents were obtained as described previously (1, 5, 13, 14) .
RESULTS
We determined the activity of guanylate cyclase in regenerating rat liver at various times after partial hepatectomy ( Fig. 1 ). While guanylate cyclase activity in homogenates of regenerating liver did not change, distribution of the enzyme between supernatant and particulate fractions was altered. Supernatant activity decreased within 8 hr and remained lower for 5 days; longer times were not examined. The particulate activity increased within 12 hr. The increased activity persisted for several days and returned to control values. The observations were qualitatively similar when activities were expressed as nmol of cyclic GMP formed per min/g of liver (not shown). At 2 days after partial hepatectomy 45% of the homogenate activity was associated with the particulate fraction and 60% with the soluble fraction. As reported previously (1-3, 5) normal liver has about 80% of the guanylate cyclase activity of homogenates associated with the soluble fraction. When preparations from regenerating liver 2 days after partial hepatectomy were assayed after treatment with 1% Triton X-100, 74% of the homogenate activity was derived from particulate fractions. About 30-40% of the homogenate activity from normal adult rat liver assayed after Triton X-100 treatment is derived from particles (2).
Particulate guanylate cyclase of normal liver is found predominantly in plasma membranes and microsomes (5) . The activities of purified plasma membrane and microsome fractions increased with partial hepatectomy (Table 1) .
Rats were sacrificed 24 hr after the operation. Crude nuclear and crude microsomal precipitates were purified with discontinuous sucrose gradient centrifugation as described in Materials and Methods. The properties of each fraction are described in a previous report (5) . Fraction A from crude nuclear pellets is homogeneous plasma membranes; Fraction A from crude microsomes is plasma membranes with some Golgi apparatus; Fraction C is homogeneous microsomes. Values presented are means of duplicate determinations.
As summarized in Table 2 Triton X-100 and applied to Bio-Gel P-300 columns as described previously (1) . Two peaks of guanylate cyclase activity were eluted (Fig. 2) . We have reported previously that Peak I has the properties of the particulate enzyme and Peak II the properties of the soluble enzyme (1-3). In control animals most of the activity eluted in the second peak. The converse was true with homogenates from regenerating liver. These experiments suggested that the altered distribution of guanylate cyclase in regenerating liver was not due to a translocation of the soluble enzyme to particulate fractions. Also the particulate enzyme from control and regenerating liver had similar Hill coefficients for GTP of 1.6; the soluble enzyme has a Hill coefficient of 1.02 (5). This would not be expected if the redistribution of activities was due to translocation. We also examined hepatoma 3924A, which has a growth rate of about 7 cm/month and a volume doubling time of 4.35 days (16) . This tumor also has very high levels of cyclic GMP in vivo. The activity of the particulate enzyme from hepatomas was increased, while that of the soluble fraction was decreased (Table 3) . About 69% of the homogenate activity was recovered in the particulate fraction. Such a high proportion of activity in particulate fractions has only been reported in small intestinal mucosa (1, 17) . The activity of particulate guanylate cyclase was also increased about 2-fold in livers of tumor-bearing animals for reasons that are not apparent.
Guanylate cyclase activity is about equally divided between supernatant and particulate fractions of homogenates of fetal rat liver (Fig. 3) . After birth the homogenate activity (per g of liver) increased and subsequently declined. * However, the specific activity of homogenates (pmol/min per mg of protein) did not change significantly with age. This may be the result of an increased number of liver parenchymal cells and protein and a decrease in hematopoietic cells (18) . After birth the activity of supernatant fractions rapidly increased while the particulate activity gradually decreased. Thus, 1-2 weeks after birth the activity and its distribution in soluble and particulate fractions of homogenates were similar to values in adult animals.
DISCUSSION
After finding guanylate cyclase activity in soluble fractions, plasma membranes, and microsomes of liver (1-3, 5) , we designed in vivo and in vitro experiments to determine whether these activities were regulated by different mechanisms. Such information should help in the understanding of cyclic GMP synthesis and its accumulation in tissues. Several recent studies suggested that cyclic G.MP may be related to cell proliferation (7-10) and synthesis of nucleic acids (9, 19, 20) and protein (21, 22) . Therefore, we examined some commonly used models of liver proliferation. These included regenerating liver, fetal liver, and a rapidly growing hepatoma line (3924A). In these tissues increased particulate and decreased soluble guanylate cyclase activities compared to normal adult rat liver were observed.
The decrease in soluble activity and the increase in particulate activity in regenerating liver suggested initially that a translocation of the enzyme might be occurring. This, however, seems quite unlikely, since gel filtration of Tritonsolubilized homogenates (Fig. 2 ) resulted in two peaks of enzyme activity with different ratios of Peak II to Peak I and properties characteristic of either the particulate or soluble enzyme (1, 5) . Also, in many experiments, a decrease in the soluble activity was not coincident with an increase in the particulate activity and vice versa. Furthermore, cycloheximide prevented the increase in particulate enzyme and protein synthesis with partial hepatectomy. If translocation of enzyme from the soluble to particulate fractions was occurring, it seems that this process required protein synthesis. The increase in particulate activity of regenerating liver was attributed to increased guanylate cyclase activity in purified preparations of plasma membranes and microsomes. Cycloheximide alone increased particulate guanylate cyclase activity (Table 2) . This apparent paradoxical effect has also been observed with tyrosine transaminase after actinomycin D (23) . The interpretations may be similar in that some protein factors could inhibit these enzymes or the enzymes are normally repressed. Thus, the decrease in synthesis of some specific protein(s) may increase the activities of these enzymes. Other interpretations may be provided and additional studies are needed.
We previously reported that hepatoma 3924A has very high levels of cyclic GMP, 26 pmol/mg of protein (16) . In this cell line, about 70% of the enzyme activity was found in particulate fractions with a 9-fold increase in its specific activity compared to that of control liver. The studies with hepatoma indicate that particulate guanylate cyclase activity best correlates with the elevated cyclic GMP levels in this tissue. It is also of interest that particulate guanylate cyclase is increased in livers of tumor-bearing animals (Table 3) . Some humoral or metabolic effect may be the explanation for this observation, and additional studies are needed.
The existence in tissues of two forms of guanylate cyclase with different properties and regulatory mechanisms suggests that there may be different physiological roles for the enzymes.
The characteristics of hepatomas, fetal liver, and regenerating liver include an increased rate of glycolysis (24) (25) (26) and increased nucleic acid and protein synthesis (27) (28) (29) . After partial hepatectomy, a number of enzymes related to nucleic acid synthesis increase within [12] [13] [14] [15] [16] [17] [18] hr and reach maximal activities in 24-48 hr (30) (31) (32) . These activities are also high in fetal liver and decrease after birth (32, 33) . Particulate guanylate cyclase activity was similarly high in proliferating liver and hepatomas. Soluble guanylate cyclase activity correlates with the loss or acquisition of differentiated functions in hepatoma, regenerating liver, and fetal and neonatal liver, respectively. These correlations have led us to speculate that particulate guanylate cyclase activity may be associated with tissue growth and that the soluble activity is associated with acquired functions of differentiation. Some recent reports support this hypothesis. Rudland et al. (10) described an activation of particulate but not soluble guanylate cyclase from cell cultures of mouse fibroblasts with a fibroblast growth factor. Other reports have also described effects of cyclic GMP on cell proliferation (7) (8) (9) . Because most of the guanylate cyclase is associated with particulate fractions from a number of tissues (1) (2) (3) , it seems likely that the particulate enzyme should also be important in other processes. Additional studies are needed to support our hypothesis.
